Abstract Following an earlier climatological study of North Pacific Polar Lows by employing dynamical downscaling of NCEP1 reanalysis in the regional climate model COSMO-CLM, the characteristics of Polar Low genesis over the North Pacific under different global warming scenarios are investigated. Simulations based on three scenarios from the Special Report on Emissions Scenarios were conducted using a global climate model (ECHAM5) and used to examine systematic changes in the occurrence of Polar Lows over the twenty first century. The results show that with more greenhouse gas emissions, global air temperature would rise, and the frequency of Polar Lows would decrease. With sea ice melting, the distribution of Polar Low genesis shows a northward shift. In the scenarios with stronger warming there is a larger reduction in the number of Polar Lows.
Introduction
The North Pacific Ocean is an area where sub-synoptic Polar Lows form frequently in the cold season (Rasmussen and Turner 2003) in association with northerly cold air outbreaks. Due to strong wind speed and heavy rainfall, Polar Lows are a significant threat to maritime human activities.
Reanalysis datasets, such as those provided by the National Centers for Atmospheric Prediction (NCEP) or the European Centre for Medium-Range Weather Forecasts (ECMWF), as well as model outputs for climate change scenarios, as those in the CMIP ensembles, do not allow determination of changing statistics of Polar Lows, due to inadequate horizontal resolutions in such data sets. Therefore, dynamical downscaling was carried out, which employs regional climate models to determine multi-decadal climatology of Polar Lows (Chen and von Storch 2013) . To do so, a regional climate model was conditioned by large-scale information from the NCEP reanalysis. It turned out that the formation and life cycle of Polar Lows during the past decades could be reconstructed this way homogeneously without exploiting sub-synoptic information in the initial fields (Chen et al. 2012) . This same approach is used here to determine how the frequency of Polar Lows occurrence may change in response to three SRES emission scenarios developed for the third and fourth assessment reports of the Intergovernmental Panel on Climate Change (IPCC).
In Sect. 2, we briefly describe the data and methodology of the simulation and tracking algorithm. Section 3 is divided into three parts in order to determine (decreasing) trends in Polar Low genesis, variations of the trend associated with different greenhouse gas emission scenarios and the northward shift of Polar Low genesis. The paper concludes with a discussion and summary in Sect. 4. 
Downscaling and tracking
The basic concept is to downscale simulations from a global model to the region of the North Pacific. The Consortium for Small scale Modelling (COSMO) model in Climate Mode (COSMO-CLM; Steppeler et al. 2003 ) was used as the regional climate model. The COSMO-CLM (CCLM) is a version of the operational weather prediction model of the Deutscher Wetterdienst and the COSMO, adapted for climate simulation purposes by the CLMCommunity (http://www.clm-community.eu).
The states in the global climate change simulations are fed into the regional model at the lateral boundaries and lower boundary. Similar to a previous climatological study (Chen and von Storch 2013) , which downscaled from the NCEP1 reanalysis, spectral nudging is employed.
The CCLM model is capable of generating Polar Lows without providing seeds in the initial states (Chen et al. 2012 ). These Polar Lows are then detected and tracked using a modified algorithm developed by Zahn and von Storch (2008) . For detailed information of the model, the downscaling technology and the tracking algorithm, the readers are referred to Chen et al. (2012) and Chen and von Storch (2013) .
Scenario Information
The scenarios we applied here were designed for the IPCC in 2000 (Nakicenovic et al. 2000) and are known as the Special Report on Emissions Scenarios (SRESs). The SRESs consider a wide range of factors, such as population, industrialization, urbanization, and social and economic developments to estimate greenhouse gas emissions. These emission scenarios are fed into global climate models for studying the effect of increasing greenhouses gas concentrations on future state of the climate system, such as investigating the changes of storm and cyclone activities under different SRESs (Pinto et al. 2007 ) and under increased precipitation intensity (Meehl et al. 2005) . Various characteristics, which reflected the response of the climate system to different scenarios, are also investigated, such as the air temperature, precipitation, sea level rise, sea ice melting, ocean circulation change, extreme weather phenomenon, and aerosols and carbon dioxide cycle variability (Stocker and Schmittner 1997; Boer et al. 2000; Cox et al. 2000; Friedlingstein et al. 2001; Yonetani and Gordon 2001) .
Forcing data: ECHAM5
The global climate model used is the coupled GCM ECHAM5/MPI-OM1 (Roeckner et al. 2003) , which is the European Centre Hamburg Version 5/Max-Planck-Institute-Ocean Model Version 1. A recent study of multimodel weighting showed that ECHAM5/MPI-OM is one of the best models to reproduce historical observations of 21 st century temperature (Räisänen et al. 2010) . Detailed information on the model is available in Roeckner et al. (2003) , Marsland et al. (2003) and Jungclaus et al. (2005) . The different scenario runs were initiated in the year 1948 and run until year 2000 with observed forcing, and then the scenario runs were extended until 2100. Three simulations of A1B, which were initialized in different years of the preindustrial control run, labeled A1B_1, A1B_2 and A1B_3, were run using ECHAM5/MPI-OM and then downscaled by CCLM. Similarly, one simulation forced by B1 and A2 emission scenarios was processed. The output of the global run was acquired from the World Climate Research Programme's (WCRP's) Coupled Model Intercomparison Project phase 3 (CMIP3) multi-model dataset (Meehl et al. 2007 ). 
Analysis of A1B scenarios
To show the effect of increasing greenhouse gas concentrations on the frequency of North Pacific Polar Lows formation, we take A1B as an example. Figure 1a presents the time series of detected Polar Lows per PLS and the corresponding trend over the next century under the three realizations of A1B. They all show negative trends (decreasing number of Polar Lows), and there is no obvious difference among the three realizations. Specifically, the trend for A1B_1 is -0.29 cases/PLS; that for A1B_2 is -0.24 cases/PLS and that for A1B_3 is -0.25 cases/PLS, with corresponding standard deviations of 18.19, 16.12 and 17.49, respectively. According to the pre-whitened MannKendall trend test, all three scenarios show significant decrease trends under 5 % risk (Table 1) . Figure 1b shows 50-year running trends of the three 2000-2099 series under A1B scenario. The reduction of the number of cases varies somewhat in time, but is consistent in sign. When examining 30-and 40-year trends (not shown), a similar situation emerges, even though the variability of the series becomes much larger.
As Zahn and von Storch (2010) pointed in their study of the Polar Low frequency over the North Atlantic in the twenty first century, both the SST of the Atlantic and the tropospheric air temperature exhibit increases. However, they found that tropospheric air temperature increases more quickly than SST, resulting in a reduction in the air-sea temperature difference and increased vertical atmospheric stability. The increased stability is less favorable for Polar Low genesis. To demonstrate that this mechanism is also operating in the North Pacific, we calculate the seasonal temperature difference between the 500 hPa and the sea surface for A1B_1. Only grid points with open water, i.e., no sea ice, are considered. For each PLS, we count the number of grid points where the mean air-sea temperature difference is equal or larger than 39 K. When this condition is met, we refer it as ''critical temperature difference''.
Since the number of grid points with sea ice decreases, we show in Fig. 2 such grid points with a critical vertical temperature difference compared to the overall number of eligible (ice free sea) grid points. For A1B_1, this time series shows decreases of 29 % to the end of twenty first century compared to the beginning (the corresponding trend is -93.53 grid points per PLS); for A1B_2 and A1B_3, they are 24 % with -71.31 grid points/PLS and 22 % with -70.14 grid points/PLS, respectively. Thus, favorable conditions for Polar Low genesis decrease by nearly one third since the beginning of this century for all three realizations of A1B. The comparison with the directly detected and tracked Polar Lows, also shown in Fig. 2 , confirms that the proxy ''vertical temperature difference'' describes adequately the decreasing trend in Polar Low activity for the twenty first century. The correlation between the two curves, after removing their trends, amounts to 74.4 %. For A1B_2, it is 72.8 %, and for A1B_3, is 79.1 % (not shown).
Other greenhouse gas emission scenarios
As shown in Fig. 1a , there is no obvious difference between different realizations of a single story line. Therefore, and for saving computational cost and time, we only take the first realization from the A2 and B1 scenarios (A2_1 and B1_1 respectively). In the following discussion, we refer only to A1B, A2 and B1. Figure 3 presents different tracking results for the three emission scenarios. In all, the number of Polar Lows decreases: the trend of A1B is -0.29 case/PLS; for the scenario of A2, which has a much higher greenhouse gas emission, the trend is -0.49 cases/PLS. For B1_1, the trend is much smaller, with only -0.20 case/PLS. The significance of the trends is shown in Table 1 . We find that with a higher greenhouse gas emission, the frequency of Polar Low occurrence has a stronger decreasing trend. This is also supported by a general decrease of grid points where the mean vertical temperature is beyond the critical 39 K. We have inferred there would be a larger decreasing trend of Polar Low occurrence frequency over the North Pacific in the next century under a global warming situation with a higher greenhouse gas emission. The higher the air temperature rises, the lower the air-sea temperature difference becomes. Consistently, the frequency of favorable conditions for Polar Low genesis declines (not shown).
Northward shift of Polar Low genesis associated with ice edge melting
For the next step, we are interested in the spatial distribution of Polar Low genesis and its variability under future global warming scenarios. Here, we take A1B as an example. We divide the North Pacific into 12 sub-regions to compare the Polar Low information in different areas. The same sub-regions were used in Chen and von Storch (2013) to describe the spatial statistics of the formation of Polar Lows at present. The density of Polar Low genesis, the trends in number and in the change of vertical stability, as well as the correlation between the two measures of Polar Low genesis in the 12 sub-regions in the next century, are presented in Fig. 4 . The region of highest Polar Low density is located to the east of Japan Island (R9), and the smallest values in R12 are in the far southwest, and in R6 and R7 in the southeast-consistent with the climatology of the last six decades. The largest trends in the 12 sub-regions are all negative, both in terms of detected and tracked Polar Lows, and in terms of the proxy ''spatial percentage of critical vertical temperature difference'' (in R2 the trend is small and positive). The two measures are all positively correlated (after taking out the trends), with a maximum of 60 % in R4 west of the dateline and a minimum of 8 % in R12 in the far southwest of the study area.
The strongest negative trend in Polar Lows genesis per open-sea grid point is found in R9 east of Japan, with -6.9 9 10 -2 cases per grid point per PLS. In R4, the trend is -4.8 9 10 -2 cases per grid point per PLS. For the subregions R1, R5, R6, and R11, the trends in detected and tracked Polar lows are about 2 9 10 -2 cases per open-sea grid point per PLS; in the other sub-regions, the trends are smaller.
The correlated measure of percentage of open-sea points with a vertical difference of 39 K and beyond shows a similar pattern, with all negative trends (labeled T-VS in Fig. 4 ) but one, albeit very small positive trend in R2. In general, the trends in the Northwest, namely, in R1, R2 and R8, exhibit small trends, while the trends in the other subregions are solidly negative, with largest values in R9 and R10.
The correlation of the 12 trends, derived from the tracking data and from the change in vertical temperature difference, amounts to 43 %.
Another similar measure is the trend in grid points with a critical temperature difference of 39 K and more over the North Pacific in the twenty first century (Fig. 5) . (Before, we examined the percentage of points with a critical difference in the seasonal mean; here, we count the number of times from four times daily data for every PLS and then determine the change.) The frequency of relatively more stable conditions, when the 39 K difference is not met, increases almost everywhere in the North Pacific Ocean, with a maximum value of -0.5 grid points/PLS east of Japan. Consistently, the largest difference in the emergence of Polar Lows is in the Northwest Pacific, and the weakest are indicated by red color in Fig. 5 . The tendency towards more stable condition in most of the region reflects faster warming of the troposphere, and the slower warming at the sea surface. It echoes the study of Kolstad and Bracegirdle (2008) for the possibility of cold-air outbreak change in the future. With a small decrease in cold-air outbreak over the Pacific in the twenty first century, the generation of weather systems associated with air-sea temperature difference, such as Polar Lows, would be weaken. The red areas point to the retreat of sea ice in the course of the overall warming (Fig. 6) . It has to be pointed out that despite a small positive trend in this favorable condition in the northern Bering Sea and part of the Okhotsk Sea (Figs. 4 and 5) , there is still a negative trend in Polar Low genesis in the corresponding boxes. This may be so of averaging across many points, of which some show favorable conditions, others unfavorable. Also specifics of the land-sea distribution may play a role. Figure 6 demonstrates this gradual decrease of sea ice in the northern part of the region. During the first decade of 2001-2009, sea ice was simulated to be present in most part of the Okhotsk Sea and the Bering Sea during 70 % of PLS. In the Gulf of Alaska, nearly 50 % of the time the sea is frozen along the north coast. But for the last 70 PLSs during 2031-2099, the proportion of sea ice during winter gradually decreases. In the Okhotsk Sea, the Bering Sea and in the Gulf of Alaska, the time of frozen condition is reduced by 55 % at the end of twenty first century in this scenario. As the sea ice edge retreats, the cold air-flow from the north meets the relatively warm SST earlier on its southward movement. Thus, in these regions, such as R1 and R8, the reduction of numbers of Polar Lows is the smallest. At the same time, the cold continental air has to travel a longer distance across the warmer SST before reaching the more southern regions, so the tendency for forming Polar Lows there, in R4 and R9, is further reduced.
To compare the strength of the trends between the subregions, we calculate area-weighted mean of their trends by dividing the overall trends by the number of sea grid points for each sub-region. The overall trend of detected Polar Lows is -0.29 cases/PLS, which amounts to -2.7 9 10 -5 cases per PLS per grid point. The trends in different subregions are not uniform, with R9 exhibiting the strongest decreasing trend of -8.3 9 10 -5 cases per PLS per grid point. For R1, R4 and R11, somewhat smaller decreasing trends prevail, with -2.0 9 10 -5 , -4.8 9 10 -5 , and -6.9 9 10 -5 , respectively. The trend in R8 is the weakest at -0.9 9 10 -5 cases per PLS per grid point. This pattern describes a northward shift of Polar Low distribution in the coming 100 years under the scenario A1B.
The reductions in sea ice extent and northward shift of Polar Low formation that are seen in the A1B simulations are qualitatively reproduced in simulations following the A2 and B1 scenarios (not shown). With more (less) greenhouse gas emission and global warming, the Polar Low formation appears to migrate more (less) northward.
Conclusions
We applied global climate model products under different scenarios of societal development in future, which go along with different greenhouse gas emissions and global warming developments. Corresponding spatial distribution of genesis and trend of Polar Low occurrence frequency were calculated by a model-based methodology, which we developed for a hind cast of the last 62 years from 1948 to 2010 (Chen and von Storch 2013) .
A general result is that the frequency of Polar Low occurrence has a close relationship with global warming. With larger increases in greenhouse gas emission, Polar low frequency decreased more rapidly. The spatial distribution shows a northward shift through the twenty first century under different scenarios. The explanation for this change is mainly related to the raised atmosphere temperatures, less warming of the sea surface and a gradual retreat of the northern ice cover. The decrease in air-sea temperature difference leads to reduced vertical instability. With less frequent favorable conditions, the frequency of Polar Low occurrence is simulated to decrease. With a northward shift of the sea ice edge, Polar Lows will occur in new areas further north than in present climate.
We should point out that our regional simulation is a scenario, i.e., a possible and consistent description of future conditions related only to greenhouse gas and aerosol emissions, not a prediction of what may be considered the most probable development expected to happen in the coming 90 years.
